Silver nanowires (AgNWs) thin films have emerged as promising next-generation transparent conductive electrodes (TCEs), and increasing the opto-electrical properties and long-term stability of AgNWs based TCEs is now a major research focus. In this work, a smooth, flexible, electrically conductive and highly stable transparent AgNWs-silica nanoparticles composite TCE has been successfully manufactured via coating an aqueous AgNWs-silica sol composite conductive ink on a PET substrate through the Mayer rod method. The effects of particle size and concentration of silica sol on the smoothness, optoelectrical properties and stability of AgNWs based TCEs were investigated in detail, and the mechanisms of the decoration of AgNWs by silica sol nanoparticles and welding of the network junction are discussed briefly. The TCE based on AgNWs reinforced with 50 nm silica nanoparticles (80 ppm concentration of silica sol) possesses a smooth surface with an RMS value of 9.45 nm, and superior opto-electrical properties with a sheet resistance of 28 U sq À1 and a transmittance of 97%. The resistance of the resultant AgNWs-silica composite TCE remains nearly constant after bending for 1000 cycles or exposure to Na 2 S solution for 300 s, indicating high stability. The newly designed AgNWs-silica composite TCE is a promising flexible and transparent electrode to be applied in next-generation flexible electronic devices.
Introduction
In the past decades, the fabrication of exible and stretchable transparent conductive electrodes (TCEs) has attracted much attention due to their wide use in displays, 1 touch screens, 2 solar cells, 3 and organic light-emitting diodes (OLEDs). 4 Up to now, the most commonly used TCE material is indium tin oxide (ITO), which is sputtered on substrates by physical vapor deposition, with the resultant lms known to have a high transmittance (over 90%) and a low sheet resistance (under 30 U sq À1 ). 5 However, ITO lm is not suitable for exible applications and large area applications because of its high brittleness, high cost, and complicated processing conditions. 6 The rapid development of new electronic devices is creating a demand for novel materials to replace ITO. A variety of candidates have been developed including conducting polymers, 7 graphene, 8 carbon nanotubes, 9 and their hybrids. Among them, silver nanowires (AgNWs) are among the most promising candidates due to their excellent conductivity, superior optical properties, exibility and compatibility with large-scale manufacturing.
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Great improvements have been made by researchers around the world for AgNWs based TCEs. [17] [18] [19] [20] [21] [22] However, there remain several issues to be addressed for the practical commercialization of AgNWs based TCEs. Firstly, the high contact resistance at nanowire-nanowire (NW-NW) junctions greatly limits the current delivery capability of AgNWs thin lms. At present, AgNWs can be easily synthesized using the well-established polyol reduction method in the presence of polyvinylpyrrolidone (PVP), [23] [24] [25] but the residual PVP ligands will form an insulating layer around the AgNWs, resulting in high contact resistance at NW-NW junctions. A number of strategies have been developed to improve the conductivity of AgNWs thin lms, including mechanical pressing, 26, 27 plasmonic welding, 10, 28 thermal annealing, 27, 29, 30 adding soldering agents, [31] [32] [33] capillary-force-induced cold welding, 34 nanowire assembly, 2, 35 and photochemical welding. 36, 37 However, these strategies either need harsh conditions or are not efficient enough for large area fabrication. For example, mechanical pressing cannot be applied to some devices as the high pressure may destroy some useful structures or the active layer. Thermal annealing has the risk of damaging the exible host substrate (e.g., polyethylene glycol terephthalate, PET). Secondly, the poor long- term stability of AgNWs is also highly problematic. AgNWs are easily oxidized in humid air due to their interactions with moisture, oxygen, and especially sulfur-containing compounds. 33 To solve this problem, a variety of materials have been exploited as the protective layer. Ge et al. 38 decorated the as-formed AgNWs thin lms with a dense, hydrophobic dodecanethiol layer and the stability of the AgNWs thin lm was greatly improved by 150 times compared with that of PVPwrapped ones. Lee 6 introduced an indium-doped zinc oxide (IZO) buffer layer onto AgNWs thin lms, which protected the AgNWs from surface oxidation and improved the mechanical and chemical stability of the composite lm. Lee 39 developed an AgNWs-graphene hybrid electrode by dry-transferring a CVDgrown monolayer graphene onto an AgNWs network, which showed highly enhanced thermal oxidation and chemical stabilities due to the gas-barrier effect of the graphene layer. Although the stability of AgNWs TCEs can clearly be improved with the use of an active layer, the fabrication process involves two or more sequential steps and needs to be precisely controlled, which is not convenient for the commercialization of AgNWs based TCEs. Therefore, it still remains a challenge to develop a highly efficient approach that can be applied under mild conditions over a large scale to simultaneously improve both the conductivity and stability of AgNWs thin lms.
In this work, AgNWs with a diameter of 40 nm were rstly synthesized by the polyol reduction method, and then an aqueous conductive composite ink was prepared using AgNWs as conductive material, silica sol as reinforcing additive, the uorocarbon surfactant Zonyl FSO-100 as surface modier and hydroxypropyl methylcellulose (HPMC) as adhesive. 
AgNWs synthesis
AgNWs were synthesized through a modied polyol process as follows. 1.0 g PVP-58000 and 2.0 g PVP-360000 were dissolved in 450 mL EG and transferred into a glass vial with a stir bar, and the vial was then suspended in an oil bath (temperature 140 C)
and heated for 1 h under magnetic stirring (300 rpm). Concurrent to this heating, the reagent solutions were prepared. At 1 h, 50 mL of FeCl 3 (600 mM in EG) and 60 mL of AgNO 3 solution (3.6 g in EG) were added rapidly into PVP solution within 5 min. The reaction was performed at 140 C for 50 min. Aer cooling to room temperature, the solution was washed with ethanol, centrifuged and dispersed in ethanol. The purication process was repeated 3 times. A nal dispersion of AgNWs in ethanol (5 mg mL À1 ) was obtained.
Conductive ink preparation and TCEs fabrication
To achieve AgNWs-silica composite TCEs, AgNW-based ink was prepared rstly with the following procedure: AgNWs (1.4 mg mL À1 ), silica sol (concentration: 80 ppm, nanoparticle size: 4, 8 and 50 nm), HPMC (3.2 mg mL À1 ), Zonyl FSO-100 (1 mg mL À1 ), and aqueous ammonia (5 mg mL À1 ) were the reactants and ultrapure water was the solvent. An automatic coating machine (FA 202D, Shanghai Xianpu Industrial Co., Ltd.) equipped with a Mayer rod was utilized to coat AgNWs ink on PET substrates, and the coating rate and area were xed at 1 mm s À1 and 30 Â 30 cm 2 , respectively. The starting button was pressed aer dropping 2.5 mL of AgNWs ink and the obtained AgNWs-silica composite TCEs were placed on the platform for further 5 min to allow the evaporation of solvent under ambient conditions.
Characterization
Scanning electron microscopy (SEM) images of the as-prepared AgNWs and composite TCEs were obtained with an SU8010 high resolution microscope with an accelerating voltage of 3 kV. Transmission electron microscopy (TEM) images were observed with a JEOL JEM-1230 instrument. Atomic force microscopy (AFM) images were achieved with a Veeco instrument. Powder X-ray diffraction (XRD) patterns were recorded with a Shimadzu XRD-6000 diffractometer (Cu Ka radiation; 40 kV, 60 mA). The sheet resistance of the AgNWs-silica composite TCEs was measured with a four-probe surface resistivity meter (RTS-9, Guangzhou Four-point Probe Technology). Transmittance spectra were performed with a UV-Vis spectrophotometer (DU800, Beckman) with the PET substrates as a reference. All the diffraction peaks can be indexed to the (111), (200), (220) and (311) planes of pure face-centered cubic (fcc) silver crystal, and are consistent with the standard values according to JCPDS Card No. 04-0783. 43 No impurities are detected, indicating the formation of highly pure AgNWs. Fig. 1C shows the HRTEM image of typical AgNWs, revealing the nanowires to be highly crystalline with an estimated spacing of 0.236 nm for adjacent lattice planes, which corresponds to the (111) planes of facecentered silver. The selected-area electron diffraction (SAED) pattern demonstrates that the silver nanowires have a vefold twinned crystal structure, and the site tested corresponds to the region indicated by the square in Fig. 1C . This pattern typically consists of two sets of spots corresponding to either side of the nanowires, and represents the characteristic reection twins in an fcc metal and displays the reection symmetry about the (111)-type plane. 44 Fig . 1D presents the extinction spectrum of AgNWs suspension in ethanol. It can be observed that AgNWs suspension shows two absorption peaks. The origin of the le peak located at ca. 350 nm is attributed to quadruple resonance, while the right peak located at ca. 377 nm originates from the dipole resonance, which has a sensitive variation law with the dimensions of silver nanostructures. Both peaks originate from the transverse plasmon resonance modes of nanowires, which are associated with the pentagonal cross-section shape of AgNWs. 25 Fig . 2A shows the TEM image of 4 nm silica sol nanoparticles obtained by the Stöber method using Si(OC 2 H 5 ) 4 as the starting material.
Results and discussion
45 Fig. 2B and C are TEM images of 8 and 50 nm silica, both of which were produced via hydrolyzation of sodium silicate solution followed by an ion exchange process. It can be seen that all three sol nanoparticles are spherical with a uniform particle size distribution. In contrast, the silica sol becomes less well dispersed with the decrease of particle size.
As is well known, there are three steps in the preparation of AgNWs based TCEs: synthesis of AgNWs, preparation of conductive ink and fabrication of TCEs. As a bridge between AgNWs and TCEs, conductive ink is responsible for the control of many dynamic processes such as the stabilization of AgNWs, as well as the wetting, spreading and drying of the lms. Therefore, high-quality inks usually contain many additives to allow ne adjustment of these dynamic processes. 46 In this study, AgNWs inks are prepared with the following starting materials: AgNWs, silica sol, HPMC, Zonyl FSO-100, aqueous ammonia and ultrapure water. Among these additives, water soluble and eco-friendly HPMC is used as the viscosity modier and lm-forming agent for AgNW inks. 47 Without HPMC, AgNWs will aggregate during the drying process as shown in Fig. S1 in the ESI, † resulting in inhomogeneous distribution and high sheet resistance of over 1 kU sq À1 . Water is chosen as the solvent of this ink, and it has a high surface tension of 72.25 mN m À1 , which is much higher than that of typical exible substrates (about 40 mN m À1 ). According to the Young equation, 45 if the surface tension of the ink is higher than that of the substrate, the ink will have bad wettability with the substrate, which means that when the ink is put on the substrate, it will maintain a globular morphology that brings about very bad uniformity. 46 To solve this problem and ensure that the ink has good wettability, that is, that the ink can spread over the substrate, it is necessary to adjust the ink to make its surface tension lower than that of the substrate. Zonyl FSO-100, 46,47 used as an efficient liquid uorocarbon surfactant, can adjust the surface tension of the ink. Fig. 3A demonstrates that the ink without Zonyl FSO-100 shows a contact angle of 47.4 , while the contact angle of the ink drops to 29.8 aer the addition of Zonyl FSO-100, which is satisfactory for spreading over PET substrates. AgNWs are easily aggregated in deionized water, especially aer the introduction of silica sol. 41 Two methods are most commonly used to prevent the nanomaterials' aggregation: the steric effect and electrostatic repulsion. 46 The steric effect is usually introduced using polymers, but these can easily adhere to the material surface and result in high sheet resistance of AgNWs based TCEs. Thus, in this ink, we adjusted the electrostatic repulsion between AgNWs with the addition of aqueous ammonia to the ink, leading to the fabrication of a composite ink with higher stability, even aer storing for several months. According to a previous study, 48 the zeta potentials of AgNW and silica sol are negatively charged in fabricated inks. The addition of aqueous ammonia to the ink will increase the pH, which makes the AgNWs and silica sol surfaces more negative and hence results in higher repulsive force, bringing about higher stability for the AgNW ink.
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Aer preparation of AgNWs ink, AgNW based TCEs with 30 Â 30 cm 2 areas were fabricated on PET substrates via the Mayer rod coating process, depicted in Fig. 4A . In brief, 2.5 mL AgNWs ink is dipped onto the PET substrate along the Mayer rod direction, and then the Mayor rod slides and spreads the ink over the substrates. Aer the evaporation of solvent, a uniform AgNW network on PET substrate is formed (Fig. 4B) . The AgNWs are only weakly connected to each other due to the residual PVP, leading to high sheet resistance. In this work, silica sol is used as a room-temperature fusing agent to strengthen the connection between AgNWs. The volume shrinkage of silica sol and the capillary force induced by solvent evaporation act to bind AgNWs together, thus decreasing the contact resistance between NWs and improving the lm conductivity (Fig. 4C ). Fig. 5 shows the SEM images of AgNWs-silica composite TCEs with different nanoparticle sizes of silica sol. It is notable that the silica nanoparticles are mainly decorated around the AgNWs, as this conguration minimizes their free energy. The AgNWs based TCE without silica sol has a transmittance of 98% . Aer adding 4 nm silica sol, the opto-electrical properties do not change noticeably. Aer replacing 4 nm silica sol with 8 nm silica sol, the sheet resistance decreases to 36 U sq À1 , and it then further decreases to 28
U sq À1 (transmittance of 97%) when replacing 8 nm silica sol with 50 nm silica sol. This decrease may be ascribed to the greater volume shrinkage caused by bigger silica nanoparticles, thus leading to stronger connection between AgNWs. Fig. 6 shows the SEM images of AgNWs-silica composite TCEs with varied concentrations of silica sol (50 nm nanoparticle size). The silica sol can bind the AgNWs together, but it still has an adverse effect on the opto-electrical properties of AgNWs due to its nonconductive properties. When the concentration of silica sol is 40 ppm, very few silica nanoparticles are decorated on the AgNWs, thus, a slightly decreased sheet resistance of 57 U sq
À1
is achieved compared to the pristine AgNWs based TCE. When the concentration of silica sol is 80 ppm, silica nanoparticles are uniformly decorated on the AgNWs, and a sheet resistance as low as 28 U sq À1 can be obtained. When the concentration of silica sol increases to 120 ppm, the adverse effects of silica sol are apparent with abundant nonconductive silica particles aggregated on the AgNWs junctions, leading to a sheet resistance of 75 U sq À1 . It is seen from Fig. 6D that the AgNWs-silica composite TCE with 200 ppm silica sol shows the complete decoration of the AgNWs with silica nanoparticles, resulting in a sheet resistance over 1 kU sq À1 .
The introduction of silica sol also has effects on the transmittance of AgNWs based TCEs, as shown in Fig. 7A . 4 nm silica sol nanoparticles have no obvious effect on the opto-electrical properties of AgNWs based TCEs, although they aggregate on the AgNWs surface. For 8 nm silica sol nanoparticles, when the concentration of silica sol increases to 80 ppm, the AgNWs ink contains a huge number of nanoparticles with diameter of 8 nm, which fully decorate the surface of the AgNWs, affording AgNWs with larger diameter. According to previous research, [49] [50] [51] the transmittance of TCEs is related to the area coverage A c as shown in eqn (1) and (2) . Therefore, with increasing diameter of AgNWs, the A c increases, and the transmittance decreases. For 50 nm silica sol nanoparticles, at the same concentration as 8 nm silica sol, the amount of particles is much less than that of 8 nm silica sol, which prevents the particles from fully decorating the AgNWs to increase their diameter. Therefore, the transmittance decreases slightly compared to that of the pristine AgNWs based TCE. A c ¼ NLd
where N is the number of AgNWs, L is the length of AgNWs, d is the diameter of the AgNWs and T is the transmittance of TCEs.
For in-depth analysis of the AgNW-silica composite TCEs, the gure-of-merit (F TC ) dened by Haacke 52,53 is used to evaluate the quality of the TCEs. The F TC is related to the transmittance (T) and the sheet resistance (R S ) of TCEs, as shown in the following eqn (3):
As mentioned above, 50 nm silica sol nanoparticles have an obvious effect on the transmittance and sheet resistance of the AgNWs-silica composite TCEs. As their concentration increases from 0 to 120 ppm, the resulting AgNWs show the largest F TC of 26 Â 10 À3 U À1 at a silica sol concentration of 80 ppm (Fig. 7B) . Fig. 8 exhibits the AFM images of the AgNWs-silica composite TCEs, and demonstrates that the AgNWs-silica composite TCE with 50 nm silica sol nanoparticles has an RMS value of 9.45 nm, lower than that of the pristine TCE (14.1 nm). 50 nm silica sol nanoparticles have the same size as the diameter of AgNWs, allowing these nanoparticles to ll the gap between AgNWs efficiently. As is known, the RMS value of AgNWs has dramatic effects on their application. 54, 55 The present results indicate that the low RMS value of the AgNWs based composite TCE with 50 nm silica sol nanoparticles makes it a good alternative candidate to ITO for use in touch screens or OLEDs.
Weak adhesion to substrates and poor chemical resistance to oxidation or sulfurization are the main issues of AgNWs-silica composite TCEs.
46,47 Fig. 9 shows that the AgNWs based TCE with 50 nm silica sol nanoparticles has no change in sheet resistance aer bending for 1000 cycles, which is attributed to the addition of HPMC and silica sol. HPMC is a binder to provide strong adhesion to substrates, and silica sol can improve the adhesion between substrates and AgNWs. 41 The AgNWs TCE with 50 nm silica sol also has strong chemical resistance against oxidation: aer exposure in atmospheric environment for 30 days, its opto-electrical properties remain almost constant. The same results were obtained when the AgNWs TCE was exposed to H 2 S gas for 24 h. However, the AgNWs based composite TCE without silica sol became black aer exposure to H 2 S gas for 6 h, and the transmittance decreased to 60%. This demonstrated that the synergistic gasbarrier effects of HPMC and silica sol are important to improve the chemical resistance of AgNWs based TCEs. In this study, the AgNWs-silica composite TCEs were dipped into 5 wt% Na 2 S solution for chemical resistance testing. It is seen from Fig. 10A that the AgNWs based TCE with 50 nm silica sol nanoparticles shows nearly the same sheet resistance aer 300 s immersion. In contrast, for the pristine AgNWs based TCE without silica sol, its sheet resistance obviously increases aer 300 s immersion. HPMC is soluble in water, so that when the AgNWs-silica composite TCEs are immersed into Na 2 S solution, the HPMC will quickly dissolve in water, meaning that the bare AgNWs come into direct contact with Na 2 S to form Ag 2 S impurities. By comparison, silica sol provides another barrier between AgNWs and Na 2 S aer the disappearance of HPMC, so 
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the AgNWs TCE with 50 nm silica sol nanoparticles is more stable in Na 2 S solution. This conclusion is also conrmed in Fig. 10B . Aer immersion in Na 2 S solution for 300 s, the AgNWs based TCE without silica sol is destroyed completely with no visible AgNWs, while for the AgNWs-silica composite TCE with 50 nm silica sol nanoparticles, some AgNWs still survive and form connections.
Conclusions
Silver nanowires based transparent conductive electrodes (AgNWs based TCEs) were successfully manufactured through three steps: AgNWs synthesis, conductive ink preparation and TCE fabrication. The AgNWs with diameter of 40 nm and length of 25 mm can be easily synthesized by a modied polyol process. The preparation of the stable and easily-processed AgNWs inks depends on the addition of HPMC, Zonyl FSO-100 surfactant and aqueous ammonia. AgNWs based TCEs were simply fabricated on a large scale on PET substrates via the Mayer rod coating process. Aer the addition of silica sol into AgNWs conductive inks, the sol nanoparticles spontaneously aggregated onto the AgNWs surface to decorate the AgNWs through volume shrinkage and capillary force, and the silica sol particle size and concentration played an important role in the optoelectrical properties of the as-fabricated AgNWs-silica composite TCEs. The TCE based on AgNWs reinforced by 50 nm silica sol nanoparticles (80 ppm concentration) possesses the best opto-electrical properties: its sheet resistance reaches 28 U sq À1 , the transmittance is 97% at 550 nm, and the RMS value is 9.45 nm. This AgNWs-silica composite TCE shows a high stability, and its sheet resistance remains nearly constant aer bending for 1000 cycles or exposure to Na 2 S solution for 300 s, indicating high stability. The newly designed silica sol reinforced AgNWs-silica composite TCE is a promising alternative to conventional ITO lms for the production of exible and transparent electrodes to be applied in next-generation exible electronic devices.
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